We examined a virulent strain of Shigella dysenteriae type 1 after induction into the viable but nonculturable (VBNC) state for its ability to ( 
The viable but nonculturable (VBNC) state has been hypothesized to represent a survival strategy, adopted notably by gram-negative bacteria, in response to adverse environmental conditions (26) . Bacteria in the VBNC state cannot be recovered when standard bacteriological media and procedures are employed, but they may regain culturability under appropriate conditions (4, 18, 19) . Until recently, the traditional plate culture method was used almost exclusively to estimate the number of viable bacteria in a sample. Culture methods rely on colony formation, from which the number of viable bacterial cells in a given sample is calculated. However, because of the VBNC state in a variety of gram-negative bacterial species, as demonstrated by newer methods involving direct microscopic examination of samples that indicate active respiration, traditional plating methods may have underestimated the number of viable bacteria. The distinction between viability and culturability is especially critical for pathogens, because loss of culturability may not guarantee loss of pathogenicity. If pathogenicity persists, pathogens in the dormant (VBNC) state may, in fact, pose a heretofore unrecognized public health threat.
The validity of this concern is supported by the many published observations demonstrating that gram-negative pathogenic bacterial species that are frequently isolated from clinical specimens, animals, soil, and natural water samples are also readily induced to the VBNC state and that some of these retain infectivity (5, 19, 20, 25, 26, 29, 32) . The first experimental evidence for potential pathogenicity of VBNC cells was demonstrated when VBNC Vibrio cholerae cells were shown to induce diarrhea in human volunteers (4) . In a subsequent study, VBNC cells of V. cholerae were found to continue production of cholera toxin and to remain stable in seawater for more than 28 days (3). Inoculation of VBNC Escherichia coli cells into ligated rabbit ileal loops caused fluid accumulation. In addition, the investigators were able to recover culturable cells after passage (2, 4) . Initial reports by Linder and Oliver (15) suggested that VBNC Vibrio vulnificus loses virulence for mice, but further studies revealed that such results may have been the result of a low inoculum of nonculturable V. vulnificus (33) . Later studies showed that injection of nonculturable V. vulnificus, which had an infectious dose of less than 0.05 CFU of culturable cells per ml, was lethal to mice (19) . Legionella pneumophila, the etiologic agent of Legionnaires' disease, has been reported to enter the VBNC state in tap water and drinking water, accounting for the difficulty and frequent failure in isolating the pathogen from these sources. In addition, VBNC legionellae are lethal for chicken embryos, with the number of culturable cells recovered being much greater than the initial inoculum (11). Lee and Ruby recently reported (14a) that nonculturable Vibrio fischeri, present in Hawaiian seawater, retains the ability to colonize the light-developing organs of juvenile sepiolid squids (Eupryma scolopes).
The maintenance of virulence by VBNC pathogens is a topic of debate (2, 16, 31) . Campylobacter spp. can survive in natural environments in the VBNC state for extended periods after being shed by animal hosts, and nonculturable Campylobacter spp. in water samples retain infectivity for mice (25) . However, VBNC Campylobacter jejuni, when introduced orally to 1-dayold chickens, did not colonize the intestine (16) . Similar results were obtained in another study in which nonculturable C. jejuni cells suspended in physiological saline were passaged through the stomach, ileal loop, or colon of an animal model (9) . Before the VBNC state of Aeromonas salmonicida was reported, this fish pathogen could not be detected in the surrounding water after being shed by infected fish. However, subsequent studies showed that, indeed, this pathogen did enter a VBNC state in the environment, maintaining its infectivity (17, 19) . The VBNC state of this pathogen may explain outbreaks of infectious diseases in fish populations in which the infected fish had no apparent contact with the pathogen, i.e., when the organism could not be cultured from the water prior to infection. Understanding the VBNC state is difficult because of conflicting results that have been reported; e.g., A. salmonicida was found to lose virulence when nonculturable in river and seawater (17) . However, viability of the nonculturable cells was not demonstrated in that study. Because of the potential threat to public health posed by dormant pathogens retaining infectivity, the virulence of VBNC pathogens requires further careful investigation.
Shigella spp., etiologic agents of gastroenteritis in humans and primates, cause a potentially fatal infection in malnourished children, the elderly, and immunocompromised patients (7) . The virulence of Shigella dysenteriae type 1 is multifactorial, and the factors may or may not be independent of each other. A chromosomally mediated potent toxin, Shiga toxin (ShT), associated with the ulcerative lesions of the infection, has cytotoxic, enterotoxic, and neurotoxic properties (8) . The ability of the pathogen to invade and multiply in the colonic mucosa of the host is plasmid mediated, independent of ShT production, and critical for induction of clinical symptoms (28 
MATERIALS AND METHODS
Bacterial strain. A virulent strain of S. dysenteriae type 1, strain 14731, isolated from a patient at the International Center for Diarrhoeal Diseases Research, Bangladesh, was used in this study. The strain was grown for 18 h at 37ЊC in Trypticase soy (TS) agar and stored at Ϫ70ЊC in TS broth containing 15% glycerol.
Microcosm system and sampling. Three 1-liter microcosms were prepared, as described previously (24), with membrane-filtered (pore size, 0.05 m) and autoclaved Milli-Q water (Millipore Corp., Bedford, Mass.). Briefly, 18-h broth cultures were harvested, washed twice, and resuspended in 1 liter of sterile distilled, deionized water to a final cell concentration of 10 7 CFU/ml. Microcosms were incubated at 30ЊC with shaking at 100 rpm. They were sampled (100 l) every 6 days in triplicate for culturability on TS agar plates, and the mean number of CFU per milliliter was computed. When the mean CFU reached 10/ml, 1 ml of microcosm sample (in triplicate) was used for plating until no colonies were found on solid media for two consecutive samples. Nonculturability was confirmed by (i) filtering 10 and 100 ml of the microcosm sample and placing the filters on TS agar plates and (ii) adding fresh nutrient broth to 10-and 100-ml microcosm samples of nonculturable cells, i.e., samples showing no growth on agar plates, such that the final concentration of broth was 1 and 10%. All incubations were carried out at 35ЊC for 5 days.
Viability assays. Viability assays were done as previously described (24), and cells were tested for active respiration by using INT (2-p-iodophenyl-3-p-nitrophenyl-5-phenyl tetrazolium chloride) (34) in the direct viable count (DVC) method (14) . Briefly, 1 ml of each sample was incubated overnight at 37ЊC with 10 l of cephalexin (2 mg/ml), 50 l of INT (2 mg/ml), and 10 l of 0.025% yeast extract. The cells were fixed with 2% formalin, stained with 0.01% acridine orange for 3 min, filtered onto a black polycarbonate membrane (pore size, 0.22 m), and visualized by epifluorescence microscopy under oil immersion at a magnification of ϫ100. Cells that showed definite elongation and/or contained black formazan deposits were counted as positive for respiration. Total cell counts were obtained as described by Hobbie et al. (10) , using the acridine orange direct count method. The decrease in the mean number of actively respiring cells over time was analyzed by computing slopes for the log number of cells. A higher value of the slope would be indicative of a rapid decline in the number of respiring cells.
ELISA. Microcosm samples (50 ml) were collected every 6 days over a period of 45 days and concentrated 100-fold (approximately 10 9 cells per ml). Cells were washed in Milli-Q water and subjected to a 5-min freeze-thaw cycle (five times) to cause lysis. Lysate was centrifuged to remove cell debris, and 100 l of supernatant per well was used in the enzyme-linked immunosorbent assay (ELISA) for estimation of ShT content. The ELISA was performed as described previously (28), with mouse monoclonal antibodies against the B subunit of ShT and affinity-purified rabbit polyclonal antibodies against ShT. Monoclonal antibodies, affinity-purified rabbit polyclonal serum, and purified Shiga-like toxin 1 (SLT-1) were a gift of G. T. Keusch, Division of Geographic Medicine and Infectious Disease, New England Medical Center, Boston, Mass. Purified SLT-1 (0.1 to 100 ng) was used to construct a standard curve for quantitative estimation of ShT produced by the VBNC cells. SLT-1 was used instead of ShT because it differs from ShT by only one amino acid in a nonbinding region of the toxin and is easy to obtain (13) . The decline in toxin production was analyzed by looking at the slope of the amount of toxin produced over time.
Tissue culture experiments. (i) Cytotoxicity assay. Cytotoxicity assays were done with the HeLa cell line (ATCC CCL2), which was routinely maintained in minimal essential medium containing Earle salt, 2 mM glutamine, and 10% fetal bovine serum. Sample preparation was the same as that for the ELISA. A 100-l volume of sample was added per well and incubated for 18 h at 37ЊC under 5% CO 2 . Microcosm samples collected every 6 days were used for the experiments, and a portion of day 0 sample, boiled for 10 min, served as the negative control. After incubation, detached cells, medium, and sample were removed, washed five times with 200 l of phosphate buffered saline (PBS), fixed with 2% formalin for 1 min, and air dried. The remaining monolayer was stained with 0.13% crystal violet in 5% ethanol made in PBS containing 2% formalin. After 20 min, excess stain was rinsed off with filter sterilized water and the intensity of remaining color was examined visually. A higher intensity of purple color indicated a negative cytotoxic effect (7) .
(ii) Adhesion and invasion assay. The adhesion assay was carried out as described by Qadri et al. (22) with intestinal Henle 407 cells. The Henle 407 cell line was maintained in basal Eagle medium (BME) containing 10% calf serum. Six-well microtiter plates containing coverslips (18 mm in diameter) were seeded with Henle 407 cells (10 4 cells per ml) and incubated overnight at 37ЊC, under 5% CO 2 , in a moist environment. Microcosm samples (100 ml), collected every 6 days, were concentrated 10-fold by centrifugation, washed with tissue culture media, and resuspended in the same volume of BME. The day 0 sample was used as positive control, and a portion of the sample was heat treated at 100ЊC for 10 min before being resuspended in BME to be used as negative control for the assay. A 5-ml volume of each sample was used to infect the Henle 407 cells by centrifuging at 1,000 ϫ g for 10 min and incubating at 37ЊC. After 3 to 4 h, the wells were washed with PBS (five times) to remove nonadherent bacterial cells. Coverslips that were not seeded with Henle 407 cells were used as controls to ensure that the washing step done to remove nonadherent bacteria was adequate. The coverslips were placed on slides, fixed with methanol for 2 min, stained with Giemsa stain (Sigma Chemical Co., St. Louis, Mo.) for 1 min, and visualized by light microscopy under oil immersion at a magnification of ϫ100. The number of bacteria that adhered per cell was counted, and the mean number of adherent bacteria per cell was determined. A minimum of 10 eukaryotic cells or 200 bacterial cells were counted. To examine the trend of adherence of bacteria per cell over time, the slope for the mean number of bacteria was computed.
For the invasion experiments, nonadherent bacteria were removed by aspiration after 3 to 4 h of infection, the medium was replaced with fresh BME, and the mixture was incubated for 18 h at 37ЊC. After incubation, coverslips were removed, fixed with methanol, and stained with Giemsa stain, as described above for the adhesion assay. The number of bacterial cells inside each eukaryotic cell was counted, and the mean number of bacterial cells per eukaryotic cell was computed. Samples from days 0, 30, 36, and 42 were used for the invasion assay.
PCR. Cells obtained from 1 ml of microcosm sample (10 7 cells per ml) were lysed by rapid freeze-thawing (5 min each cycle), repeated five times. Cell debris was removed by centrifugation, and 10 l of the supernatant was used in the PCR. Genomic DNAs of V. cholerae and S. dysenteriae type 1 were used as negative and positive controls for amplification of the stx gene fragment, respectively. Two primers, homologous to the A subunit genes of stx/slt-1, were used to amplify a 680-bp fragment (13) . The sequence of the 5Ј primer, stx1, was 5Ј-GA CAGGATTTGTTAACAGG-3Ј, and that of the 3Ј primer, stx2, was 5Ј-TTCCA GTTACACAATCAGGC-3Ј. The PCR mixture contained 10 l of MgCl 2 -free 10ϫ amplification buffer, 6 l of 25 mM MgCl 2 , 4 l of each (1.25 mM final concentration) dATP, dCTP, dGTP, and dTTP, 100 pmol of each forward and reverse primer, and 2.5 U of Taq polymerase (Perkin-Elmer Cetus, Foster City, Calif.) per 100 l. A 10-l portion of the template DNA was added to the PCR mixture, the volume was adjusted to 100 l with sterile water, and the mixture was overlaid with 100 l of mineral oil and placed in an automated thermocycler (Perkin-Elmer Cetus). Template DNAs were denatured initially at 95ЊC for 5 min. The following conditions were used for PCR: denaturation at 92ЊC for 1 min, annealing at 55ЊC for 1 min, and DNA extension at 72ЊC for 2 min. A total of 30 cycles were run. A final extension at 72ЊC was done for 20 min at the end of the PCR cycles, after which the samples were cooled to 4ЊC and stored at Ϫ20ЊC. PCR-amplified products were analyzed by agarose gel electrophoresis (1.5% agarose), followed by ethidium bromide staining, by the method described by Sambrook et al. (27) .
Statistical analyses. Slopes for each of the response variables, i.e., mean CFU per milliliter, mean total cell count, mean number of actively respiring bacteria, mean ShT content, and mean number of adherent bacteria per eukaryotic cell, were computed over time. The slopes, which measured the average decline in each of the response variables per day, were analyzed by one-way analysis of variance (SAS system, release 6.08) at the 5% level of significance.
RESULTS
Plate counts for microcosm samples declined rapidly (slope of log CFU per milliliter, Ϫ0.23), and the cells became nonculturable between days 24 and 30 ( Fig. 1; Table 1 ). However, the decline in the number of actively respiring cells was not as rapid (slope of log cells per milliliter, Ϫ0.06), and there was no significant difference between the mean number of metabolically active cells on days 0 and 30 (Table 1) , while the total cell count (measured by acridine orange direct counts) remained relatively constant over the entire period of observation.
VBNC S. dysenteriae type 1 was found to be positive for ShT production in the ELISA. The ShT content was estimated as the percentage of toxin in the day 0 sample to show the trend of maintenance. There was a very sharp decline in the amount of toxin by day 6 (slope, Ϫ11.03), after which it was relatively constant (slope, Ϫ0.46), ranging between 30 and 20% over a period of 2 weeks (Fig. 1) . The concentration of ShT, estimated by the standard curve of purified SLT-1, ranged from 450 to 225 pg/ml of concentrated microcosm samples. The amount of toxin did not decline significantly (P Ͼ 0.05) during the period of nonculturability, i.e., from day 24 through day 45, when the experiment was terminated.
Maintenance of stx gene by VBNC S. dysenteriae type 1 up to day 45 was detected by PCR amplification of the stx gene fragment (Fig. 2, lane 5) . Both the positive control and the day 0 sample from microcosms were positive for the presence of the stx gene by PCR (lanes 3 and 4 respectively) . No amplification of DNA occurred in the negative control (lane 6), i.e., DNA prepared from V. cholerae.
Maintenance of cytotoxic activity of ShT was demonstrated by its cytotoxicity for cultured HeLa cells. S. dysenteriae type 1 cells were positive at day 0 (culturable) and at day 45 (VBNC), with no detectable visual difference between the negative control and the uninoculated control.
The mean number of bacterial cells attached per eukaryotic cell was found to decrease significantly over time ( a The log direct microscopic counts ranged between 7.95 and 6.81 over the period of 0 to 42 days. The decline in total cell count over the entire period of study was not significant at ␣ ϭ 0.05.
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VIABLE NONCULTURABLE SHIGELLA DYSENTERIAE 117 positive when tested for active respiration, but the number of cells that adhered was only 26.9% of those at day 0. There was no significant difference in the number of VBNC bacterial cells that adhered to Henle 407 cells (P Ͼ 0.05). The percent adhesion for these cells ranged between 32.3 and 26.9%. VBNC cells adhered to the intestinal cells (Fig. 3B ), but they were not detected inside the Henle 407 cells in the invasion assay.
DISCUSSION
The objective of this study was to investigate whether VBNC S. dysenteriae type 1 remains potentially virulent by retaining the ability to maintain ShT and the stx gene and to adhere to intestinal epithelial cells. S. dysenteriae type 1 has been reported to enter the VBNC state and to remain as such for extended periods in microcosms, depending on a variety of factors, e.g., temperature, cell concentration, aeration, nutrient concentration, and salinity (12, 23, 24) . Preliminary data indicated potential virulence of this pathogen when in the VBNC state, as demonstrated by cytotoxicity in tissue culture (24) .
Microcosm sampling was done every 6 days for all assays, since our objective was to monitor the overall change(s) in ShT content and adherence during the period of observation. Both 10-and 100-ml portions of the microcosm samples, in triplicate, were used to confirm nonculturability, to reduce the risk of having very small numbers of culturable cells. A modified DVC method, employing INT, was used to quantitate actively respiring bacteria (24) , since it was found that (even with log-phase cells) not all cells respond in the DVC by undergoing elongation. Also, uptake of INT was difficult to visualize in nonculturable cells because of a reduction in cell size. These problems were much more pronounced for older cultures. A combination of INT reduction with the DVC method provided better estimates of viable populations. In the INT-DVC, some of the cells of the VBNC population took up INT and reduced it to the formazan but did not elongate, whereas other cells showed definite elongation but no INT reduction. The cells that were positive for either or both were counted as actively respiring cells (Table 1) .
To our knowledge, this is the first report of ShT maintenance by VBNC S. dysenteriae type 1, a finding which has very important implications for assessment of the health risk from VBNC S. dysenteriae type 1. The trend of toxin content, presented as the percentage of that in the day 0 sample, is important, since it emphasizes a pattern of toxin maintenance and potential production. The actual estimates obtained for ShT in this study may vary for a number of reasons. For example, although a standard cell lysis method was used, it is possible that the efficiency of lysis varies along with the physiology of the cells, which in turn can affect values reported for ShT content, in addition to trial and/or strain variations. Since the VBNC state is only beginning to be studied in detail, the efficiency of the lysis process with respect to changes in the cell physiology is not clear. Even though the toxin content of the VBNC cells was low, it may still pose a significant threat because of the extreme potency of the toxin. Despite the controversy regarding maintenance of virulence by VBNC pathogens, it is important to note that ShT produced by S. dysenteriae type 1 retained its cytopathic effect after the cells entered the VBNC state, as demonstrated by the tissue culture assay with HeLa cell monolayers. The present study does not differentiate between maintenance of ShT versus de novo synthesis of ShT by S. dysenteriae type 1 in the nonculturable state. Inhibition of protein synthesis, which is included in ongoing research in our laboratory, should clarify this point. Enterotoxicity and neurotoxicity of the toxin from VBNC cells were not investigated in this study.
Cells of S. dysenteriae type 1 adhered to Henle 407 cells throughout the entire period of observation. However, since the shape and size of the cells changed over time, it became more difficult to visualize attachment (Fig. 3B) . Attachment was confirmed by the indirect immunofluorescence method, described previously (24), using S. dysenteriae type 1-specific rabbit sera and fluorescein isothiocyanate-conjugated goat anti-rabbit sera (data not shown).
The stx gene in VBNC cells was successfully amplified by PCR (Fig. 2) , in contrast to similar efforts reported by Brauns et al. (1) , who reported a requirement of 400 times more DNA from VBNC V. vulnificus for amplification by PCR. No such difficulties were observed in this study, probably because of the initial concentration step used in sample preparation. Toxin production by VBNC V. cholerae was reported in 1988 (3), and maintenance of the cholera toxin (ctx) gene was detected by PCR without any difficulty (9) .
The ability of shigellae to invade and multiply within the colonic mucosa has been demonstrated to be more important for disease manifestation than toxin production (8, 28) . The concept that bacterial adhesion to tissues is a prerequisite for infection is well accepted (28) , especially for pathogens that invade human hosts, e.g., S. dysenteriae type 1. To date, there have been no reports that indicate maintenance of the adhesive property by VBNC organisms. However, it is not surprising that pathogens are able to retain this ability, since it offers a significant survival advantage. Studies of oligotrophs in the marine environment have demonstrated that such organisms benefit from association with solid surfaces by acquiring nutrients (21) . The surface properties of starved cells have been reported to be different from those of logarithmically growing cells, including becoming increasingly hydrophobic and more adhesive (30) . This change is believed to enhance the chances of survival under adverse conditions. Although maintenance of gross membrane integrity has been shown for Campylobacter spp. (25) , V. vulnificus (15) , and A. salmonicida (17) in the VBNC state, changes in fatty acid composition during starvation have been documented for several species. However, changes in surface properties with respect to virulence and avirulence of cells in the VBNC state must be investigated. V. vulnificus cells entering the VBNC state, which were found to lose infectivity for mice, were also found to have an alteration in the membrane lipid composition as demonstrated by fatty acid analysis (15) .
In this study, S. dysenteriae type 1 cells were induced to enter the VBNC state when incubated at 30ЊC, and the VBNC cells were found not to invade in the invasion assay. It is possible that given appropriate conditions, these cells will regain infectivity, especially invasive ability. Temperature regulation of the invasiveness of culturable Shigella spp. is well established. The pathogen has been shown to reversibly lose the invasive property when grown at 30ЊC and to regain it if the growth temperature is switched back to 37ЊC (6) . However, invasiveness of VBNC S. dysenteriae type 1 cells has not been studied until the investigation reported here.
We conclude that VBNC S. dysenteriae type 1 remains potentially virulent, on the basis of the experimental evidence that it maintains ShT, the stx gene, and adherence to Henle 407 cells. Further investigation on resuscitation of VBNC pathogens to the culturable state and increased virulence of such cells should substantiate the infectivity of VBNC S. dysenteriae type 1 cells. Other questions, such as the molecular mechanism(s) of formation of VBNC cells, must be addressed as well, but the potential pathogenicity of VBNC pathogens appears to merit immediate attention, because this information will be valuable to public health professionals.
